Mammalian sperm must hyperactivate in order to fertilize oocytes. Hyperactivation is characterized by highly asymmetrical flagellar bending. It serves to move sperm out of the oviductal reservoir and to penetrate viscoelastic fluids, such as the cumulus matrix. It is absolutely required for sperm penetration of the oocyte zona pellucida. In order for sperm to hyperactivate, cytoplasmic Ca 
dynamics. Models may also be used to
Introduction: Definition of hyperactivation
Hyperactivation is a type of motility that is characterized by a highly asymmetrical and high amplitude flagellar beat pattern (Yanagimachi, 1994; Ishijima et al., 2006) which gives rise to a whip-like movement of the flagellum that can produce circular, figure eight, or zigzag swimming trajectories. Initiation and maintenance of hyperactivated motility is associated with an increase in Ca 2+ concentration in the flagellum (Suarez et al., 1993; Ho and Suarez, 2001b; Ho et al., 2002; Carlson et al., 2005) . Hyperactivation can be induced in sperm with the use of Ca 2+ ionophores A23187 or ionomycin, which facilitate Ca 2+ transport across the plasma membrane Marquez and Suarez, 2007; Xia et al., 2007) . Pharmacological agents such as caffeine (Ho and Suarez, 2001b) , procaine (Marquez and Suarez, 2004) , thimerosal (Ho and Suarez, 2001b; Marquez et al., 2007) , and thapsigargin (Ho and Suarez, 2001b Suarez, , 2003 is increased to about 400 nM (Ho et al., 2002) . Therefore, it is believed that Ca 2+ is the primary second messenger that triggers hyperactivated motility.
In this review, we first discuss the movement of sperm through the female reproductive tract in order to introduce the roles played by hyperactivation in bringing by guest on November 7, 2016 http://molehr.oxfordjournals.org/ Downloaded from hyperactivated motility. Within the oviduct, hyperactivated motility is observed in sperm near the site of fertilization (Katz and Yanagimachi, 1980; Suarez and Osman, 1987) .
Hyperactivation has been shown to enable sperm to swim effectively through highly viscoelastic fluid, such as oviductal mucus and the matrix of the cumulus oophorus (Suarez et al., 1991; . When sperm finally reach the oocyte within the cumulus oophorus, they require hyperactivation in order to penetrate its zona pellucida (Stauss et al., 1995; Quill et al., 2001; Ren et al., 2001) .
As the sperm nears the oocyte, chemical cues from the latter and/or its surroundings may modify the flagellar beat pattern in order to guide the sperm to the oocyte via a process of chemotaxis (Eisenbach, 2007; Chang and Suarez, 2010) . The relationship of chemotaxis to hyperactivation is not well understood, but since sperm begin to hyperactivate in the lower oviduct, far from the site of fertilization, it has been proposed that chemotactic factors modulate the flagellar beat of hyperactivated sperm to re-direct them toward the oocyte (Chang and Suarez, 2010) . There is evidence that Ca 2+ signaling plays a role in the chemotactic response (Spehr et al., 2003 (Spehr et al., , 2004 in addition to its role in triggering hyperactivation. Progesterone has been implicated as a chemoattractant for human sperm (Teves et al., 2006) , although, at micromolar levels, it can also induce acrosome reactions (Osman et al., 1989; Baldi et al., 1998; Bedu-Addo et al., 2007) .
Much remains to be learned about regulation of sperm flagellar beat patterns and their role in promoting the movement of sperm through the female reproductive tract and to the oocyte. Nevertheless, it is clear that Ca levels in order to trigger and maintain hyperactivated motility.
Plasma membrane Ca 2+ channels
CatSper channels, located on the plasma membrane of the principal piece ( Figure   1 ; Ren et al., 2001; Quill et al., 2003; Xia et al., 2007) , are the primary source of Ca 2+ flux into the cytosol for hyperactivation (Kirichok et al., 2006) . Catsper channels are pH and voltage dependent Ca 2+ permeable ion channels that are absolutely required for hyperactivated motility and are only found on sperm Quill et al., 2003; Carlson et al., 2003 and 2005; Qi et al., 2007; Xia et al., 2007) . CatSper channels are necessary for sperm to ascend beyond the oviductal reservoir (Ho et al., 2009) and are required for sperm penetration of the zona pellucida of the oocyte Quill et al., 2003) . The CatSper proteins that form the ion channel contain six transmembrane segments, with a voltage-sensor S4 domain and a pore region that is Ca 2+ selective Qi et al., 2007) . Four CatSper proteins have been identified (CatSper-1 , -2 (Quill et al., 2003), -3 and -4 (Lobley et al., 2003; Jin et al., 2007) that together form the subunits of the Ca 2+ channel. In addition to the subunits that directly form the channel, other subunits associate with the channel complex, such as CatSper (Liu et al., 2007; ) and CatSper (Wang et al., 2009) , and are thought to regulate channel activity.
Sperm from CatSper null mice cannot hyperactivate and suffer a general decline in motility over time (Qi et al., 2007; Quill et al., 2003) . Even the initial motility of CatSper null sperm is abnormal, which may be the result of abnormally low resting levels of Ca 2+ (Marquez et al., 2007 (Figure 1 ; Wiesner et al., 1998; Westenbroek and Babcock, 1999; Wennemuth et al., 2000; Ren et al., 2001; Sakata et al., 2002; Quill et al., 2003; Trevino et al., 2004; Carlson et al., 2005) . The
VOCCs are a family of transmembrane, channel forming proteins that are compromised of an α1 (pore-forming) subunit and several other auxiliary subunits (Catterall, 2000; Ertel et al., 2000; Jimenez-Gonzalez et al., 2006) . Through immunostaining and pharmacological analyses, low voltage activated (T-type), and high voltage activated (L-, R-, P/Q, and N-type) VOCCs have been identified in sperm (Arnoult et al., 1996; Benoff, 1998; Wennemuth et al., 2000; Felix, 2005) .
Capacitative Ca Wiesner et al., 1998) . When bull or mouse sperm were treated with cGMP or cAMP via cell-permeant analogs, intracellular Ca 2+ increased (Wiesner et al., 1998; Xia et al., 2007) ; however, the role played by CNG Ca 2+ channels in hyperactivation is difficult to determine, because mouse sperm that lack
CatSper channels do not respond to cyclic nucleotides. These channels may not be required for hyperactivation or they may interact somehow with CatSper channels. store (Ho and Suarez, 2001b, 2003 to support the acrosome reaction (Walensky and Snyder, 1995; Herrick et al., 2005; Lawson et al., 2007) . Sperm of CatSper-1 null mice can undergo the acrosome reaction even though they do not hyperactivate under capacitating conditions Quill et al., 2003; Xia et al., 2007) . Stimulation from the cytoplasm into intracellular stores, has been immunolocalized to the midpiece and acrosomal region of human sperm (Lawson et al., 2007) . In other cell types, SERCA activity is highly sensitive to the inhibitor thapsigargin (Thastrup et al., 1990) . Inhibition generally produces a rise in cytoplasmic Ca 2+ by releasing it from endoplasmic stores. Thapsigargin has been shown to stimulate hyperactivation in bull sperm (Ho and Suarez, 2001 ) and the acrosome reaction in human sperm (Meizel and Turner, 1993; O'Toole et al., 2000) ; however, the doses required to produce the effects are much higher than those required for other cell types (Harper et al., 2005) , indicating that the response may be nonspecific or that the drug has poor penetration into the intracellular stores of sperm.
The secretory pathway Ca with an affinity similar to that of SERCA pumps (Wuytack et al., 2002) .
Ca

2+ clearance mechanisms
Sperm utilize Ca that ranges from about 40 nM in hamster and bull sperm (Suarez et al., 1993; Ho et al., 2002) to 100-250 nM in mouse sperm (Wennemuth et al., 2003) . The different levels reported may be due to species or experimental differences.
For example, the measurements of Ca 2+ levels in hamster and bull sperm were recorded at the specific body temperature of each species, whereas those of mouse sperm were performed at room temperature. In comparison with other cells types, the resting levels of astrocytes were reported to be 87 nM (Parpura and Hayden, 2000) , while those of cultured skeletal myotubes were reported to be 116 +/-7 nM (Eltit et al., 2010) .
The primary mechanism of Ca Wennemuth et al., 2003; Okunade et al., 2004) . In addition, some faint antibody labeling has been detected on the midpiece and head (Okunade et al., 2004) . When the PMCA activity was depressed by raising the pH of the medium, other mechanisms cleared sperm cytoplasmic Ca
2+
, but only to an intermediate level (Wennemuth et al., 2003) . The major isoform of PMCA expressed in mouse sperm is PMCA-4. PMCA-4 null mouse sperm quickly developed severely impaired motility when incubated under capacitating conditions that eventually produced hyperactivation in wild type sperm (Okunade et al., 2004; Schuh et al., 2004) .
The Na is removed from the medium (Wennemuth et al., 2003) . The exchanger has been estimated to operate at about 1/3 the rate of PMCA in mouse sperm (Wennemuth et al., 2003 clearance in mouse sperm (Wennemuth et al., 2003) .
Thus, there is little evidence for a specific role of mitochondria in regulating Ca 2+ levels in sperm flagella.
Where and how is Ca 2+ acting to modify the waveform?
The exact mechanism and signaling pathway by which Ca 2+ acts to trigger hyperactivated motility, transitioning from symmetrical to asymmetrical flagellar beating, is not known. In the flagellar axoneme, the hydrolysis of ATP on the dynein arms can be converted into force, which causes the microtubules to slide past one another. Sliding is converted to bending by the restraining influence of other structures in the axoneme (Lindemann and Lesich, 2010 is calmodulin (CaM) (Means et al., 1982; Weinmann et al., 1986; Bendahmane et al., 2001) , which has been localized to the principal piece of the flagellum (Schlingmann et al., 2007) . When CaM was extracted from demembranated bull sperm, motility could not be reactivated unless exogenous CaM was added back (Ignotz and Suarez, 2005 et al., 2000) , airway epithelial cells (Sneyd et al., 1995) , pancreatic and parotid acinar cells (Sneyd et al., 2003) , kidney epithelial cells (Roose et al., 2006) , vertebrate olfactory receptor neurons (Dougherty et al., 2005) , airway and pulmonary arteriole smooth muscle (Wang et al., 2008) , and the Xenopus oocyte (Atri et al., 1993) .
Mathematical models that are based upon ordinary differential equations track the spatially averaged Ca Moreover, the diffusivity may also be spatially varying due to the microtubules, fibers, at a rate 3 times greater than the MCU and NCX. As discussed by Wennemuth et al. (2003) , each of these fluxes is localized to a specific region, which is not taken into account in this model. The model also does not consider physiological and biochemical differences between activated and hyperactivated sperm.
CatSper mediated Ca 2+ dynamics model
In experiments by Xia et al. (2007) , the relative intracellular Ca In order to achieve better agreement with these experimental results, the model was extended to account for additional flux terms at the site of the RNE, an internal Ca 2+ store in the neck of the sperm. The equations governing this system are as follows:
Here, C is the Ca release from the RNE, the role of IP3 and how its concentration evolves in time, as well as to determine kinetic rate parameters of channels and pumps relevant to Ca 2+ dynamics.
Role of mathematical models in the future
In order for sperm to propel themselves forward, they use an undulatory flagellar motion, which is an emergent property of a complex system that couples the external fluid dynamics, passive elastic properties of the sperm structure, active force generation of the dynein arms, and chemical signaling. In order to fully understand how the sperm is able to reach the oocyte and swim efficiently through the reproductive tract by modifying its waveform, integrative models that account for each of these aspects are necessary (Fauci and Dillon, 2006) . Models that account for the fluid-structure interaction assume the fluid flow is governed by the Stokes equations or the Navier Stokes equations. Using these equations, the flagellum exerts forces on the surrounding fluid, and the equations account for the fluid density and viscosity. Recent models have captured elements of the full fluid-structure interaction (for example Gueron and Levit-Gurevich, 1998; Dillon et al., 2007; Fu et al., 2007) .
Mathematical models that couple the relevant biochemistry with mechanics and hydrodynamics will be of great use in the future to understand the impact of Ca 2+ dynamics on sperm motility. We have been working toward this end by exploring a model that couples Ca 
Here, k A is a coefficient for receptor activation, V A is the maximum amplitude, and In this model, the waveform of the flagellum is not preset, but is an emergent property of the coupled system. By including a slight asymmetry in the curvature model that reflects a hypothesized asymmetry in the axoneme's response to calcium, we observe the transition from activated motility to hyperactivated motility (Olson et al., 2011) . Figure 3 shows some snapshots of a model flagellum as it achieves a swimming pattern characteristic of hyperactivation. We view this model as a starting point to investigate the biochemistry and mechanics of sperm motility. Future modeling efforts will involve accounting for discrete representations of the dynein arms (for example Dillon et al., 2007) , whose activation kinetics will be governed by the evolving Ca Teves ME, Barbano F, Guidobaldi HA, Sanchez R, Miska W, and Giojalas LC (2006) Progesterone at the picomolar range is a chemoattractant for mammalian spermatozoa. 
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